This paper discusses the clinical applications of heart rate variability (HRV) data in the treatment of clients who have experienced traumatic brain injuries (TBIs). In the authors' clinical practice, HRV data is collected at the initial assessment, at progress assessments, and again after the completion of a course of neurofeedback combined with HRV biofeedback treatment. This paper describes HRV seen in healthy individuals compared to HRV in individuals known to have experienced a TBI. Three clinical case examples are discussed that explore the changes in heart rate variability following traumatic brain injury as well as improvements noted during, and following, a course of neurofeedback combined with HRV biofeedback training. The cases illustrated in this paper demonstrate the impressive changes in heart rate variability that can occur following a traumatic brain injury and also highlight how neurofeedback combined with biofeedback training can be used to improve heart rate variability and ameliorate related cognitive symptoms.
Heart rate variability (HRV) training uses combined respiration and heart rate biofeedback to achieve synchrony between the changes in breathing and heart rate. HRV is the variation in the interbeat intervals (IBIs) between heartbeats. This interval is measured as the distance in milliseconds between consecutive R waves in the electrocardiogram. The standard deviation of these intervals is called the SDRR (standard deviation of R-R intervals). The artifacted standard deviation of these intervals is called the SDNN (N stands for normal). An increase in SDNN indicates an increase in heart rate variability and is maximized when a person can achieve synchrony between breathing and heart rate changes. This synchronization appears to correlate with improved cognition and relaxation.
HRV may provide a promising index for both physical and emotional stress. Improvements in mental processing (Vaschillo, Lehrer, Rishce, & Konstantinov, 2002) and emotional stability (Applehans & Leuken, 2006) have been demonstrated as a result of HRV training. HRV training has also been associated with improved sensorimotor rhythm (SMR), an EEG brainwave pattern associated with a calm, alert state (Reid, Nihon, Thompson, & Thompson, 2013) .
The observation that traumatic brain injury (TBI) impairs cardiac function has become increasingly apparent through clinical work at the ADD Centre with relatively young athletes and with clients who have had vehicular accidents (car, motorcycle, or bicycle). In an athlete, we expect to observe good synchrony between breathing and heart rate with an SDNN greater than 100 ms and HRV total power greater than 4000 ms 2 . Figure 1 shows one of the HRV biofeedback screens we used for HRV training with an athletic emergency physician who has worked with the Canadian women's World Cup ski team. Figure 2 shows the associated statistics on this same athletic physician for her heart rate variability. Figure 3 shows a similarly athletic young person after a head injury, and shows much lower HRV values. When we compare these two athletic young adults we can see the extreme difference in SDNN and power that can result postconcussion. We have observed these kinds of figures for SDNN and power in many other clients with brain injury. HRV also declines with age. In our elderly clients (more than 70 years of age), even those who exercise regularly, we often see SDNN values between 20 and 60 ms and power between 125 and 600 before HRV training. Unfortunately, after a concussion athletes often show SDNN and power values similar to the elderly. We will report on this in a future paper.
Low SDNN and HRV power figures have been reported in the literature for TBI patients. For example, Baguley, Heriseanu, Felmingham, and Cameron (2006) compared HRV data on 16 TBI age-matched subjects and 16 noninjured controls. Their results are summarized in Table  1 . The TBI group revealed significant differences in HRV parameters compared to controls.
Case Studies
The following section displays three case examples from our work with clients who have experienced TBI and were seen at the ADD Centre and Biofeedback Institute, Toronto, Ontario.
Case 1: Client with ADHD and a History of Concussions
This 31-year old male client came to the ADD Centre presenting with symptoms of ADHD. During the clinical history it became evident that this client had sustained two head injuries. The first head injury occurred when he was 5 years old, and the second when he was a teenager playing football. During the first head injury, the young boy lost consciousness. Following the second injury, he reported seeing stars.
At the time of the assessment, this client had recently been fired from his job and had a history of difficulties holding a steady job. He also reported being forgetful and disorganized.
HRV was recorded at his initial assessment and again following 40 sessions of neurofeedback (single-channel and LORETA), combined with HRV training (Table 2) .
Following training, this client reported significant improvements in his ability to manage stress, as well as improvements in his symptoms of ADHD. This included improved attention and impulse control. He has returned to work and reports receiving positive comments from his boss. The client has also become more motivated to exercise regularly and his golf game has improved. Heart Rate Variability and TBI
Case 2: Client Experiencing Postconcussion Syndrome from Snowboarding Accident
This 19-year old male came to the ADD Centre because he was experiencing postconcussion symptoms. According to the client, he had been experiencing symptoms following a snowboarding accident four years prior that involved loss of consciousness. Presenting symptoms included headaches, irritability, and anxiety. He also reported difficulties with school and had to repeat his final year in high school. In addition, his personality underwent a change following the accident as he went from being a primarily cheerful person to an anxious person. This client began neurofeedback training combined with HRV training. Unfortunately, he sustained a second head injury during his training program. The results below show his HRV data pretraining, following 14 training sessions prior to the second head injury, and closely following the second head injury (Table  3) . This client demonstrates the immediate effects of a head injury on SDNN and power. From the data above, we can see that, following the second head injury, both SDNN and power dropped significantly. It should also be noted, however, that the values did not drop to pretraining values. We postulate that his neurofeedback and biofeedback training may have been a protective/stabilizing factor. This will have to be looked at more carefully in future research.
Unfortunately, this client sustained a third head injury while on the job and not wearing his hard hat. He has not yet completed his training program.
Case 3: Client Experiencing Postconcussion Symptoms Following Motor Vehicle Accident
This 25-year old female client suffered a traumatic brain injury in a motor vehicle accident approximately one year prior to coming to the ADD Centre. Before her accident, she was a top graduate student and maintained a healthy, active lifestyle. Following the accident she was unable to complete her graduate work and experienced headaches, ringing in the ears, pain, anxiety, irritability, and symptoms of depression. Her abilities to read and write were severely impaired in comparison to preaccident levels.
This client completed 40 sessions of neurofeedback (single-channel and LORETA neurofeedback) combined with HRV training. Her HRV data was collected at her initial assessment, following 20 sessions, and following 40 sessions of training.
At the initial assessment, we would have expected to see a much higher SDNN and power for her, given her healthy, athletic lifestyle. The HRV data below demonstrates increases in SDNN and power as she progressed through her 40 sessions of neurofeedback combined with HRV biofeedback training program (Table 4) . Following training, this client completed graduate school and is now working full time. She reports improvements in levels of anxiety, irritability, and symptoms of depression.
Conclusion
The cases illustrated in this paper demonstrate the impressive changes in HRV that can occur following a TBI, and also highlights how neurofeedback combined with biofeedback training can be used to improve HRV and ameliorate related cognitive symptoms. Further research will be needed to assess the relative contributions of neurofeedback and HRV biofeedback training to the increases in HRV, as well as the positive cognitive changes. At the ADD Centre and Biofeedback Institute, we are now regularly combining heart rate variability training with either LORETA neurofeedback or single-channel neurofeedback for all of our clients who have experienced a TBI. Heart Rate Variability and TBI
